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We experimentally observe asymmetric electromagnetic field profiles along two-dimensional chiral metamate-
rials. The asymmetric field profiles depending on the chirality and the operation frequency have been reproduced
well by the numerical simulation. Around a chiral meta-atom, distribution of a Poynting vector is found to be
shifted asymmetrically. These results are explained in terms of an analogy with the side-jump mechanism in the
electronic anomalous Hall systems.
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I. INTRODUCTION
The electromagnetic phenomena such as unidirectional
electromagnetic wave propagation have been of much in-
terest. Unidirectional backscattering immune propagation of
surface waves, referred to as electromagnetic edge modes,
was observed in electromagnetic band gap structures such as
photonic crystals [1–3] with topological properties [4,5]. The
unidirectional surface wave propagations that appear at the
boundary between two different areas with and without broken
time-reversal symmetry using ferromagnetic medium [6,7]
or broken space-inversion symmetry due to chirality [8–13]
are topologically protected and robust against scattering by
disorder.
Even in nontopological systems without periodicity, asym-
metric propagation of surface plasmon polaritons due to the
unidirectional excitation [14–17] has been demonstrated. In
these systems, unidirectional wave propagation was observed
in various structures with space-inversion symmetry by ap-
propriately setting up incident wave conditions, such as by
controlling source positions [14], incident angles [15,16], and
the polarization [17]. However, these approaches focused on
wave incidence techniques rather than a design of wave-
guiding structures.
At frequencies far below the electromagnetic band gaps,
where the wavelength of propagating waves becomes much
longer than the lattice constant, the artificial periodic structures
can be regarded as effective media based on the concept of
metamaterials [18]. Metamaterials are artificial electromag-
netic media which are composed of small elements compared
to the wavelength in order to manipulate electromagnetic wave
propagation and to discover new electromagnetic phenomena.
On the other hand, chirality with broken space-inversion
symmetry, such as helices [19,20] or gammadions [21], gives
rise to optical activity [22–25], which can rotate a plane of
the polarization or may convert linear to circular polarizations
and vice versa. Metamaterials with the chirality, referred to as
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chiral metamaterials, determine the macroscopic constitutive
relations of the effective media including not only permittivity
and permeability but also chirality for bi-anisotropic media, by
appropriately designing meta-atoms [26–34]. So far, various
applications of the chiral metamaterials have been proposed
and demonstrated [35–39]. However, little is known about the
edgelike mode propagation in the chiral metamaterials at the
operation frequencies far below the photonic band gaps due to
the Bragg scattering.
In this paper we demonstrate electromagnetic edgelike
mode propagation in chiral metamaterials at microwave fre-
quencies. We consider two-dimensional (2D) microwave chiral
metamaterials of triangular lattice that are constructed us-
ing helical meta-atoms [40,41]. Experimental results show
asymmetric magnetic field profiles, which are relevant to
edgelike mode propagation in the metamaterials. The field
concentration side is switched by inverting the chirality of
the meta-atom and by changing the operation frequencies.
The asymmetric field profiles are reproduced by numerical
simulations based on the finite element method. Furthermore,
the numerical simulations visualize asymmetric energy and
Poynting vector distribution in the metamaterials, which en-
ables us to understand the behaviors of asymmetric field
profiles.
II. EXPERIMENTAL AND NUMERICAL SETUPS
Figure 1 shows schematic illustrations of 2D chiral metama-
terials and the calculated dispersion diagram. A right-handed
(RH) chiral meta-atom was composed of a metallic-wire RH
helix. The chiral axis is along the z direction. As illustrated in
Fig. 1(a), design parameters for the meta-atom are as follows:
wire diameter dw = 0.4 mm, numbers of turns in the helix t =
3.5, pitch of turns p = 1 mm, and helix diameter dh = 2.4 mm.
The resonance frequency of the lowest mode for the
isolated chiral meta-atom is calculated to be 7.0 GHz, which
is determined by the total length of metal wire corresponding
to a half wavelength of microwaves. Array of the meta-atoms
comprises the 2D chiral metamaterial with thickness of
a single meta-atom. Figure 1(c) illustrates the dispersion
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FIG. 1. (a) Side view of a RH chiral meta-atom. (b) Top view of
a finite rhombus-shaped 2D RH chiral metamaterial with triangular
lattice. Red arrow at the bottom indicates the magnetic-dipole excita-
tion position. (c) Dispersion diagram of a 2D RH chiral metamaterial
with infinite triangular lattice. (d) The enlarged dispersion diagram in
the vicinity of the lowest resonant mode in (c).
diagram calculated for the 2D RH chiral metamaterials
consisting of the RH chiral meta-atoms in infinite triangular
lattice under the periodic boundary condition. In the numerical
simulation setup for the eigenmode analysis, a perfect magnetic
conductor (PMC) has been set on top and bottom boundaries
of the calculation region, because we are focusing on the TE
mode propagation near the lowest-order magnetic dipolelike
resonance of chiral meta-atoms. The lattice spacing among
the meta-atoms were set to 8 mm.
For the eigenmode calculation, a commercially available
electromagnetic field solver based on the finite element method
ANSYS HFSS ver. 16 was utilized. Although Fig. 1(c) shows
the dispersion diagram of the 2D RH chiral metamaterial, the
diagram is independent of the sign of chirality and identical
to that of 2D left-handed (LH) chiral metamaterials consisting
of the LH chiral meta-atoms. Figure 1(d) shows the enlarged
dispersion diagram in the vicinity of the lowest resonant mode
in Fig. 1(c). In Fig. 1(d), mutual coupling among neighboring
meta-atoms under the magnetic-dipolelike lowest-mode reso-
nance at approximately 7.0 GHz gives rise to a backward-wave
mode propagation. In the present case, the passband width of
the mode is extremely narrow due to the weak coupling. The
coupling between the chiral backward-wave mode and TEM
mode in free space results in a narrow gap at approximately
7.2 GHz between the  and K points as well as between  and
M points.
Additionally, Fig. 1(c) shows a band gap due to the Bragg
scattering at the K and M points around 20 GHz. We have
numerically confirmed that this gap is caused by the meta-
atom’s chirality. When the meta-atom structure is achiral such
as with finite-length straight wire or ring shape, this gap will
disappear. It would be interesting to control the dispersion
by changing the meta-atom’s chirality among RH, LH, and
achiral, giving topological states to the electromagnetic waves.
However, such a study is out of the scope of this paper, and
FIG. 2. Measured [(a)–(c)] and simulated [(d)–(f)] profiles for the
y component of the magnetic fields. (a) and (d) at 6.85 GHz for the
LH chiral metamaterial, (b) and (e) at 6.85 GHz for the RH chiral
metamaterial. (c) and (f) also for the RH chiral meta-atoms but at 7.5
and 8.4 GHz, respectively.
will be a future issue. Here we focus our attention on the lowest
band at approximately 7.0 GHz where such topological effects
are negligibly small.
We experimentally and numerically investigate finite
rhombus-shaped 2D chiral metamaterials as shown in Fig. 1(b).
The meta-atoms with the chiral axis parallel to the z axis were
placed on each grid of the 2D triangular lattice on the x-y plane
with 7 × 7 cells. The meta-atom design is the same as shown
in Fig. 1(a). In microwave experiments, RH and LH chiral
meta-atoms were made of stainless-steel wires. Forty-nine
RH(LH) chiral meta-atoms embedded in a polystyrene foam
slab comprise the 2D RH(LH) chiral metamaterials so that the
wire top edges are aligned to the −x direction.
In the measurement of microwave field profiles, two
identical loop antennas with diameter of 2.4 mm were used;
one for a magnetic dipole excitation source and another for a
magnetic field detection probe. Both antennas are connected to
two ports of a vector network analyzer (Agilent PNA N5224A)
through coaxial cables. While the meta-atom at the bottom
vertex of the rhombus designated by a red arrow in Fig. 1(b)
was excited by the excitation source antenna, magnetic field
distribution at the slab top surface was measured by scanning
the magnetic field detection probe in the x-y plane at a distance
of 1 mm on the opposite side of the excitation. In order to
reproduce experimental results by the numerical simulation, a
time-varying magnetic dipole moment normal to the lattice is
placed as an incident wave source just below the meta-atom
at the bottom vertex of a rhombus at a distance of 3 mm.
III. RESULTS AND DISCUSSION
A. Measured and calculated magnetic field profiles
Figure 2 shows the measured and calculated magnitude
of the magnetic field distribution for the y component
around 7.0 GHz corresponding to the magnetic-dipolelike
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lowest-mode resonance frequency of the meta-atoms. Fig-
ures 2(a)–2(c) are assigned to measured profiles while
Figs. 2(d)–2(f) to corresponding calculated total field including
both incident and scatted fields. Figure 2(a) highlights that the
magnetic fields measured at 6.85 GHz, which is below the
magnetic-dipolelike resonance frequency, are concentrated on
the right-hand side in the rhombus-shaped LH chiral metama-
terial consisting of LH meta-atoms (as shown in the inset). On
the other hand, the fields in the RH chiral metamaterials at the
same frequency shown in Fig. 2(b) are concentrated on the left-
hand side. These asymmetric field profiles depending on the
meta-atom’s chirality have been reproduced in the numerical
simulation. The calculated magnetic field in the LH chiral
metamaterial is concentrated on the right-hand side [Fig. 2(d)],
whereas that in the RH chiral metamaterial on the left-hand
side [Fig. 2(e)]. Therefore we observed asymmetric magnetic
field distributions that are reversible with meta-atom’s chirality
both in experiments and numerical simulation. It is noted that
we still have differences of the magnetic field profiles near
the exciting point between the numerical and measurement
results. This is due to the fact that the excitation in the numerical
simulation is an ideal magnetic dipole while the excitation in
the measurement is a loop antenna fed with coaxial cables
without symmetry, and in addition, the measured magnetic
field profiles were averaged over the cross section of the loop
antenna.
Magnetic field distribution is also reversed by elevating
the microwave frequency beyond the lowest-mode resonance
frequency. Figure 2(c) shows the field distribution in the RH
chiral metamaterials measured at 8.4 GHz, which is above the
resonance frequency. In Fig. 2(c) the magnetic field concen-
trates on the right-hand side, which is opposite compared to
that at 6.85 GHz [Fig. 2(b)]. We notice a difference between
the measured and simulated operation frequencies in Figs. 2(c)
and 2(f). The difference is likely to be traced back to the
imperfection of the fabricated chiral meta-atoms. Nevertheless,
still the asymmetric distribution has been reproduced in the
numerical simulation as illustrated in Fig. 2(f). The further
experimental and numerical results have revealed that the pro-
files for the x component of magnetic fields are concentrated
on the opposite side to the y component and also inverted by
changing the metamaterial chirality and selecting the operation
frequency above or below the resonance, although they are not
shown here. Additionally, we have confirmed experimentally
that electric fields also show similar asymmetric distributions.
B. Calculated energy and Poynting vector distribution
We numerically calculated the electromagnetic energy den-
sity 12ε0|E|2 + 12μ0|H |2 distribution for RH and LH chiral
metamaterials at 6.85 GHz. The simulation setups are the
same as those in Figs. 2(d)–2(f). In order to highlight the
stored energy distribution difference between LH and RH
metamaterials, we subtract the energy distribution in the LH
chiral metamaterial from that in the RH chiral metamaterial
and map the difference in Fig. 3. In this map the red color
corresponds to higher energy stored in the RH metamaterial
while the blue color corresponds to higher energy stored in the
LH metamaterial. We observe in Fig. 3 that the energy in the
RH (LH) metamaterial is stored at the left (right) bottom edge.
3.0 x 10
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0
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FIG. 3. Calculated energy distribution difference evaluated by
subtracting the energy density for LH chiral metamaterial from that
RH case at 6.85 GHz. Red and blue colors correspond to the higher
stored energy in the RH and LH chiral metamaterials, respectively.
The stored energy clearly shows asymmetric field distributions
in the chiral metamaterials.
In order to investigate the transmitted power flow in the 2D
chiral metamaterial, Poynting vector distribution was calcu-
lated on the slab top surface, since the power density vector
cannot be directly observed in the measurement. Figure 4(a)
illustrates the calculated distributions of real part of complex
Poynting vectors for LH chiral metamaterials at 6.85 GHz. The
arrows color corresponds to the Poynting vectors intensity. In
Fig. 4(a) the Poynting vector at the excitation point circulates
along the helical shape of the meta-atom and the intensity is
concentrated on the left-hand side. It is found from Fig. 4(a)
that the Poynting vector intensity is asymmetrically distributed
around the first-neighbor meta-atoms. In fact, the intensity at
the neighboring meta-atom on the right-hand side in Fig. 4(a)
is much stronger than those on the left-hand side. The Poynting
vector initially directs to the left at the source point, gradually
varies with the distance from the origin, rotates in the clockwise
direction, and finally flows into the right boundary edge where
the field energy is concentrated in the LH chiral metamaterial,
as found in Fig. 3. In this way, electromagnetic waves along the
LH chiral metamaterial propagate asymmetrically circulating
in the clockwise direction, and cause the asymmetric energy
distribution concentrating at the right boundary. Contrastingly,
as shown in Fig. 4(b), the Poynting vector in the RH chiral
metamaterial directs to the right side in the vicinity of the
input source. Direction of the Poynting vector rotates in the
counterclockwise direction, and results in the vector flow to
the left boundary edge where the field energy is concentrated
in the RH chiral metamaterial.
Additionally, comparison between the Poynting vector dis-
tribution in Fig. 4 and the magnetic field profiles in Fig. 2
makes us realize the fact that the power flow is related to
the field profiles. In Fig. 4(a) the Poynting vector is mainly
in the y direction on the right-hand side of the metamaterial
sample while the vector is in the x direction on the left-hand
side. The power flow is governed by the near field magnetic
couplings between chiral meta-atoms under the resonance. In
other words, the in-plane components of the magnetic field
determine the strength and directions of their couplings, i.e.,
the power flow. Thus the magnetic field for the y component
is concentrated on the right-hand side as shown in Fig. 2(a),
whereas the x component is concentrated on the left-hand side.
085105-3
HISAMOTO, UEDA, SAWADA, AND TOMITA PHYSICAL REVIEW B 97, 085105 (2018)
FIG. 4. Calculated Poynting vector distributions at 6.85 GHz in (a) LH and (b) RH chiral metamaterials excited by the magnetic dipole.
In further experiments we have confirmed that the asymme-
tries of the fields shown in Fig. 2 do not drastically change for
cases with chiral meta-atoms having different turn numbers,
or with different whole size of the 2D chiral metamaterial.
Figures 5(a)–5(c) illustrate the measured magnetic field pro-
files for two different cases of 2D chiral metamaterials with the
helix of 3.5 turns in 15 × 15 cell, 3.5 turns in 7 × 7 cells, and
5.5 turns in 7 × 7 cells, respectively. It is noted that the increase
in the size of meta-atoms reduces the resonant frequency,
leading to lower operation frequency. In Fig. 5(c) the measured
field profile for 5.5 turns is shown at 4.85 GHz that was
selected below the reduced resonant frequency of 5.05 GHz.
The influence of the total size of 2D chiral metamaterials on
the asymmetric field profiles can be confirmed by comparing
Figs. 5(a) and 5(b). The influence of number of turns can be
found by comparing Figs. 5(b) and 5(c).
3.7 turns
4.0 turns
4.3 turns
(b)
(c)
(a)
3.5 turns
5.5 turns
3.5 turns
7 x 7 cells
7 x 7 cells
15 x 15 cells
(e)
(f)
(d) 7 x 7 cells
7 x 7 cells
7 x 7 cells
Measurement Simulation
FIG. 5. Measured magnetic field profiles for the y component in
2D chiral metamaterial with (a) meta-atoms of 3.5 turns in 15 × 15
cells, (b) 3.5 turns in 7 × 7 cells, and (c) 5.5 turns in 7 × 7 cells. (d)–(f)
Simulated magnetic field profiles as a function of the turn number.
(d) 3.7 turns at 6.7 GHz, (e) 4.0 turns at 6.2 GHz, and (f) 4.3 turns at
5.8 GHz.
Additionally, we numerically investigated the influence
of helix orientations around their axis on the asymmetric
field profiles by changing the turn number of meta-atoms. In
Figs. 5(d)–5(f) magnetic field profiles for the turn number of
3.7, 4.0, and 4.3 are shown, respectively. The corresponding
resonant frequencies of meta-atoms were 7.43, 7.10, and
6.82 GHz, respectively. The selected operation frequencies
in Figs. 5(d)–5(f) are 6.7, 6.2, and 5.8 GHz, respectively.
Overall, all six field profiles in Fig. 5 clearly show the
concentration on the left-hand side. Thus, it is confirmed that
changes in structural parameters of chiral meta-atoms and in
the whole size of metamaterials do not influence significantly
asymmetries of the field profiles.
In addition, we note that field profiles on the bottom slab
surface show the asymmetries with concentration side opposite
to those on the top surface. This exchange of the field asymme-
tries between top and bottom surfaces is caused by the relation
between the geometry of the helical meta-atom and propa-
gation direction along the axis. The electromagnetic waves
in the chiral meta-atoms under the resonance are separated
into two components: one goes up and the other goes down
along the axis of the resonators, and each component behaves
differently due to the asymmetric structures. For example, the
geometry of the RH helix makes the wave component going
up along the structure to rotate in the anticlockwise direction
on the top surface, while it forces the other component going
down to rotate in the clockwise direction on the bottom surface,
respectively.
C. Origin of the asymmetric field profiles
and energy distribution
Numerical simulation visualized in Fig. 4 shows the asym-
metric energy flow in the chiral metamaterials. The energy
flow gives rise to asymmetric energy distributions stored in
the metamaterials as revealed by the calculation in Fig. 3.
The asymmetric energy distribution results in asymmetric
magnetic and electric field profiles observed in both experiment
and simulation. These asymmetric phenomena of our interest
are different from topological effects, because the operation
frequency in this study is far below the photonic band gap
essential for topologically protected edge modes.
We carried out the further numerical simulation for a
scattering problem around a single chiral meta-atom having
a 3.5 turn helix with an incidence of plane waves from the
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FIG. 6. Calculated Poynting vector distribution at 6.85 GHz for
electromagnetic wave scattering around a single (a) LH and (b) RH
meta-atom irradiated by plane waves from the bottom.
bottom of Fig. 6, instead of the magnetic dipole excitation.
Figures 6(a) and 6(b) show the calculated distribution of a
Poynting vector that is observed in the plane with the distance
of 1 mm above the top surface of the slab at 6.85 GHz around
LH and RH meta-atoms, respectively. The Poynting vector
flow around the LH meta-atom in Fig. 6(a) rotates along
the helical shape in the clockwise direction, and as a result,
the center of the field profiles is transversely displaced on the
left-hand side, whereas the center of the power flow around the
RH meta-atom is displaced on the right-hand side [Fig. 6(b)].
Thus Fig. 6 provides definitive evidences for asymmetrical
selectivity of the electromagnetic wave scattering in the near
field region by the chiral meta-atoms. The coupling of these
neighboring meta-atoms with asymmetric field profiles in the
subwavelength scale leads to the total asymmetric field profiles
and energy transfer in the chiral metamaterial. In addition,
notably, the Poynting vectors plotted in Fig. 6 are shown to be
translated without changing its wave number vectors, and the
center of the amplitude is transversely shifted to the one side.
An excited chiral meta-atom in the metamaterials radiates
microwaves. The radiated microwaves are scattered by neigh-
boring meta-atoms. A superposition between the radiation
and scattering may break a balance between left-handed
and right-handed circularly polarized microwaves, resulting
in the optical activity by the chiral meta-atom. Based on
an analogy between light and electrons, the optical activity
in photonic systems corresponds to the spin-orbit interaction
in electronic systems [42,43]. Additionally, an electromagnetic
Poynting vector represents the velocity of the center of gravity,
corresponding to electric currents. Therefore, the Poynting
vector flows directed by chiral meta-atoms observed in Fig. 6 is
analogous to the electric current flow in an electronic system
with spin-orbit interaction. It is known that such electronic
current show skew scattering and side jump by impurities
observed in the extrinsic anomalous Hall effects and spin
Hall effects for electrons [44–46]. Both mechanisms originate
from the spin-orbit interaction in impurity atoms for electrons.
While the skew scattering changes the wave number vectors
of the electron wave packets, the side jump is a translation
of the center of gravity of the packet without changing its
wave vectors. Thus the Poynting vector translated without
changing its wave number vectors shown in Fig. 6 is analogous
to circulating electric current around a scatter with spin-orbit
interaction, which is similar to the side-jump mechanism in
electronic systems. In the past decade spin-orbit interaction
of light in an analogy between light and electrons has been
intensively studied in connection with the spin-Hall effect
[42,43,47–50]. The present result provides an insight to the
understanding of spin-orbit interaction of light. Last but not
least, although implemented by microwave meta-atoms, the
physical picture unveiled here applies to a broader class of
artificial photonic structures in a wide range of frequencies
from microwave [51] to visible light [52,53].
IV. CONCLUSIONS
Asymmetric field profiles of electromagnetic waves prop-
agating along 2D chiral metamaterials were observed in both
measurements and numerical simulations at frequencies far be-
low the photonic band gap. We found that the field concentrated
area was switched both by changing the chirality from LH to
RH, or vice versa, and by selecting the operation frequency
either above or below the meta-atom’s resonant frequency. To
understand the mechanism of the asymmetric field profiles,
distributions of the energy density and Poynting vector in the
chiral metamaterials excited by a magnetic dipole source were
numerically investigated. The energy density and the Poynting
vector flow were found to be asymmetric. Moreover, for elec-
tromagnetic wave scattering from the single chiral meta-atom
for incidence of plane waves, the Poynting vector is translated
without changing its wave number vectors, and the center of
the power flow is transversely displaced on the one side. This
is analogous to the side-jump mechanism in the electronic
systems with extrinsic anomalous Hall effects. These results
pave the way to the realization of the unidirectional surface
wave propagation along the chiral metamaterials.
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